Introduction
Cyanobacteria are prokaryotes capable of oxygenic photosynthesis. They are of immense ecological importance in their own right, being responsible, for example, for a significant fraction of total oceanic carbon dioxide fixation [l] . In addition they, or something very like them, probably gave rise to the plastids of green plants and algae [Z] . Understanding processes that occur in cyanobacteria may therefore give key insights into equivalent processes in chloroplasts. Unlike most other prokaryotes, almost all cyanobacterial species contain, in addition to the cytoplasmic and outer membranes around the cell, a large area of intracytoplasmic membrane. This is called the thylakoid membrane and is the site of the light reactions of photosynthesis. Cyanobacteria therefore not only have the requirement to direct newly synthesized proteins to membranes in general, as do other prokaryotes, but they may also need to be able to target them to a specific membrane. In this paper we review (i) evidence for heterogeneity in the protein composition of membranes, (ii) present knowledge of the protein-translocation pathways in cyanobacteria and (iii) the status of possible mechanisms for generating heterogeneity in the light of this knowledge. We also discuss the significance of these findings for chloroplasts.
Evidence for membrane heterogeneity
There are two main experimental approaches to determining differences in protein content among membranes: visualization in the electron microscope and characterization of fractionated membranes. The former is usually carried out in conjunction with immunodecoration, but in suitably prepared sections, it is possible to distinguish directly the phycobilisomes (which capture light energy before passing it to the reaction centres) as round structures associated with the thylakoid but not the cytoplasmic membrane [3] . Immunogold labelling with antibodies to several different proteins, such as the carotenoproteins P35 and CbpA, the iron-regulated protein IrpA Abbreviation used: SRP, signal-recognition particle. *To whom correspondence should be addressed. and the rhodanese-like protein RhdA, indicates a specific location in the outer membrane for P35 or the cytoplasmic membrane for the others [4-71, although it is difficult to exclude completely the possibility of very low levels of these proteins being present in the thylakoid membrane also.
Two approaches have been used for membrane fractionation. These are sucrose-densitygradient centrifugation and phase partitioning [8- Several polypeptides have been shown to be present in both membranes. For many, such as subunits of cytochrome oxidase, the cytochrome bf complex and the NADH dehydrogenase complex, and cytochrome c-553, this may be consistent with a biochemical function in both membranes [14] [15] [16] [17] . For some complexes, such as cytochrome oxidase, the distribution between the two membranes is altered according to the culture conditions, or during the different phases of a batch culture [18, 19] . However, there are several polypeptides that, although present in both membranes, appear to function only in one. Examples of this include the PsbA reaction centre protein (Dl) and PsbO (the extrinsic 33 kDa protein involved in stabilizing Mn2+ ions)
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Interaction of Photosynthesis and Respiration from Photosystem I1 [4, 11, 13] . The lack of oxygen-evolving activity (or chlorophyll) in cytoplasmic membranes indicates that the proteins are non-functional there. In addition, Westernblotting analysis suggests that the D l D 2 heterodimer does not form in cytoplasmic membranes, but may do so in thylakoids. For some proteins, the distribution varies with growth conditions. PsaD and PsaE are apparently restricted to the thylakoid during late exponential phase in A.
niduluns, but is present in both membranes during early exponential phase [ 131.
A further degree of heterogeneity is found within the membrane systems. Phase fractionation experiments with membranes from P. laminosum show that they can be separated into subfractions differing in density and relative contents of cytochrome oxidase [12] . Immunodecoration experiments with Synechococcus sp. PCC7942 indicate that Photosystem I and ATP synthase proteins are associated mostly with the outermost layer of thylakoid membrane [4] .
In summary, some proteins are essentially restricted to one membrane while others may occur, but not necessarily function, in both. The distribution may vary according to growth conditions and perhaps species.
Protein-translocation pathways in cyanobacteria
A knowledge of the mechanism of insertion of proteins into or through membranes in cyanobacteria may help in understanding the distribution of proteins described in the previous section. Most of the information on cyanobacterial protein targeting has come from proteins with cleaved N-terminal presequences, and a working assumption has been that similar pathways to those that translocate such proteins in other prokaryotes will function in cyanobacteria. The best characterized pathway is the Sec pathway, summarized in Figure 1 [ZO]. In this pathway a molecular chaperone, SecB, binds the preprotein and delivers it to an extrinsic protein, SecA, which is docked on to intrinsic proteins such as SecY and SecE. These proteins also contribute to a pore, which allows translocation of the preprotein. Concomitant with this, a signal peptidase (e.g. the leader peptidase, LepB) removes the N-terminal extension. Other proteins involved include SecD, SecF and SecG. Homologues of components of the signal-recognition particle (SRP) have also been recognized in prokaryotes. These are a 4.5 S RNA, having these presequences can also target carrier proteins [24] . The cleavage sites generally, though not always, resemble those recognized by the leader peptidase ( [23] ; J. C. L. Packer and C. J. Howe, unpublished work). A number of cyanobacterial polypeptides with these presequences, such as PsbO and plastocyanin, have been shown to be exported to the periplasmic space when expressed in Escherichia coli, and in the case of plastocyanin from P. laminosum this export was shown to be dependent upon the Sec pathway [25, 26] .
The most direct evidence for the occurrence of a Sec pathway in cyanobacteria has been the cloning of genes for components of it and the demonstration of the protein products in the cyanobacterial cell. T h e most thoroughly studied proteins so far are SecA, SecY and LepB. Genes for SecA have been identified from P. laminosum, Synechococcus sp. PCC 7942, and Synechocystis sp. PCC6803 [27, 28] , and partial sequences have been obtained from many other cyanobacterial species (A. C. Barbrook, unpublished work). SecA protein has been demonstrated immunochemically [28] . A gene for SecY has been reported from Synechococcus sp. PCC 7942 and the presence of the protein demonstrated immunochemically [29, 30] . Leader peptidase activity has been demonstrated in vitro with radiolabelled precursor proteins, and the gene has been cloned from P. laminosum [27, 31, 32] . Sequences of secL),E,F are available in the EMBL database. The cloning from two species of a gene for a homologue of the 54 kDa component of SRP indicates that this mechanism is also present in cyanobacteria [33] .
Mechanisms for generating heterogeneity
There are several ways in which proteins might become specifically associated with particular membranes. One mechanism might be for the cell to have different sets of protein-translocation machinery, one for each membrane system. Proteins specific to one membrane would then be recognized by one set only; proteins able to be inserted into either membrane would be recognized by both. However, as far as the Sec and SRP systems are concerned, there is no evidence for such a mechanism. Hybridization of cloned SecA, SecY, lepB and f j genes to genomic DNA, even under non-stringent conditions, indicates that there are single genes for all of these proteins [27, 30, 32, 33] . Both membranes have been shown to contain SecA and SecY, but the forms in the two membranes are immunochemically indistinguishable [28, 30] . Similarly, both membranes have been shown to contain leader peptidase activity [27] . The forms in each membrane are indistinguishable, and both can cleave the precursor of the 9 kDa extrinsic Photosystem I1 polypeptide PsbU [27] . The presence of these polypeptides in both membranes also argues against the possibility that only one of the membranes is active in protein insertion, with proteins destined for the other being laterally sorted after insertion.
What other mechanisms might be postulated? One possibility is that the charge properties of the presequence of a given protein might lead to it being preferentially attracted to a particular membrane. This might reflect different energization of the two membranes. However, comparison of a wide collection of presequences indicates that there are no consistent features common to proteins with similar locations (J. C. L. Packer and C. J. Howe, unpublished work).
Alternatively, the presence of groups such as chlorophyll or carotenoids might determine the most favourable membrane system for a given protein. In this context it is interesting to note that, of the few components of Photosystem I1 that are specifically associated with the thylakoid membrane, two of them, CP43 and CP47, are chlorophyll proteins [ 131. Similarly the carotenoproteins P35 and CbpA are specifically associated with the outer membrane or cytoplasmic membrane respectively [4, 5] . On the other hand, there might in fact be no specificity in the initial insertion process, with heterogeneity determined subsequently by lateral sorting of proteins or by selective degradation. On such a model, one might expect to see low levels at least of all proteins in both membranes. That we do not could be explained by different proteins being sorted or degraded at different rates. Such a model might offer an explanation for the presence of PsaD and PsaE in both membranes in early exponential phase but not late exponential phase. If cells in early exponential phase were synthesizing membrane at a greater rate than those in late exponential phase, the post-insertion sorting1 degradation machinery might be saturated in early exponential phase, leading to an accumulation of those proteins in an inappropriate membrane.
Protein-translocation machinery in chloroplasts
Given the common ancestry of chloroplasts and cyanobacteria, one would expect to see similarities in the protein-translocation machinery and this is indeed the case. In addition to the spontaneous insertion of some proteins into chloroplast thylakoids, three other pathways have been postulated [34] . One requires a chloroplast equivalent of the SRP, and the existence of a chloroplast homologue of the 54 kDa protein has been demonstrated [35] . A second pathway is ATP-dependent and sensitive to inhibition by azide. These are features of the prokaryotic Sec pathway, and cDNAs for chloroplast SecA and SecY proteins have been identified [36, 37] . T h e third pathway is dependent upon a ApH across the thylakoid membrane and is not sensitive to azide. There is no evidence as yet for the existence of this pathway in cyanobacteria, and those proteins that are translocated by it (such as the 16 and 23 kDa extrinsic components of Photo-system 11) have not yet been found in photosynthetic bacteria. This pathway may have been developed, perhaps from the Sec system, after the establishment of chloroplasts by endosymbiosis from photosynthetic bacteria.
Conclusions
Several components of the pathways for protein translocation into o r through membranes of cyanobacteria have now been identified, and are clearly homologous to components from other bacteria and from chloroplasts. The mechanisms by which membrane heterogeneity, and therefore the distribution of respiratory and photosynthetic activities between cytoplasmic and thylakoid membranes, is established remain unclear. We have proposed several models which are amenable to testing. ' The establishment of a n in vim system for import of proteins into vesicles from cytoplasmic and thylakoid membranes would be of great benefit in this.
